The type 3 secretion system (T3SS) is a protein export pathway common to Gram-negative pathogens. It comprises a trans-envelope syringe, the injectisome, with a cytoplasm-facing translocase channel. In enteropathogenic Escherichia coli, exported substrates are chaperone-delivered to the major translocase component, EscV, and cross the membrane in strict hierarchical manner, e.g. first 'translocators', then 'effectors'. The in vitro dissection of the T3SS and the determination of its structure are hampered by the low numbers of the injectisomes per cell. We have now defined an optimal M9 minimal medium and established that the per transcriptional regulator enhances the number of filamented cells, the number of injectisomes per cell and the secretion of T3S substrates. Our findings provide a valuable tool for further biochemical and biophysical analysis of the T3SS and suggest that additional improvement to maximize injectisome production is possible in future efforts.
INTRODUCTION
Several Gram-negative bacterial pathogens use the type 3 protein secretion system (T3SS) to inject virulence proteins directly into a eukaryotic host cytoplasm Portaliou et al. 2016) . The T3SS comprises the injectisome, a complex, bacterial envelope-associated, syringe-like organelle, with four parts: (i) a membrane-embedded translocase (or export apparatus) that associates with peripheral inner membrane structures including an ATPase; (ii) the basal body, comprising stacked rings spanning both bacterial membranes, that are connected by an inner rod which transverses the periplasm; (iii) a protruding needle; and (iv) the translocon, located at the tip of the needle, it will form the pore in the host plasma membrane through which bacterial toxins are injected. Type 3 secretion occurs in consecutive hierarchical steps Portaliou et al. 2016) .
Regulatory mechanisms of T3SS gene expression in EPEC have been investigated widely. So far, at least three loci of enterocyte effacement (LEE)-encoded regulators (Ler, GrlA and GrlR), two EPEC adherence factor (EAF) plasmid-encoded regulators (PerA and PerC), and the quorum-sensing regulator QseA, have become well known for activating the expression of T3SS components (Mellies, Barron and Carmona 2007) . Ler, a homolog of H-NS, can positively regulate many EPEC virulence genes by acting as an anti-silencer of the LEE locus by alleviating H-NSmediated silencing (Bustamante et al. 2001) . However, Ler, the first gene of LEE1, is also involved in the DNA looping-dependent auto-repression of LEE1 P1A and B promoters, which help EPEC optimize the expression levels of ler and other T3SS components (Berdichevsky et al. 2005a; Bhat et al. 2014) . GrlA and GrlR form a regulatory complex involved in the regulation of most virulence genes in EPEC (Jiménez et al. 2010; Padavannil et al. 2013) . GrlA can also form a positive regulatory loop with Ler to activate the expression of the LEE operons (Barba et al. 2005) . The plasmid-encoded regulator PerC also positively regulates ler expression independently of GrlA (Bustamante et al. 2011b) . PerA, a member of the AraC-like family of transcriptional regulators, is also required for activation of the master regulator Ler indirectly via auto-activation of the per promoter (Porter et al. 2004) . Quorum sensing also plays important roles in the regulation of enteropathogenic E.coli (EPEC) gene expression. The quorumsensing E.coli regulator QseA directly activates the expression of LEE genes through Ler (Russell et al. 2007; Sharp and Sperandio 2007) .
To dissect the molecular mechanism of secretory protein targeting and translocation during T3 secretion we focused on EPEC (Dean and Kenny 2009) . Our model-exported protein, the EspA translocator, forms the outer needle filament that can be detected by immuno-fluorescence (Knutton et al. 1998) . On the tip of the EspA filament sit the other two translocator proteins, EspB and EspD, which become inserted in the target host cell plasma membrane where they form the translocation pore (Chatterjee et al. 2015; Ide et al. 2001) . We have recently reconstituted T3SS targeting in vitro using inverted inner membrane vesicles (IMVs) from EPEC, and revealed a novel affinity-based mechanism that governs targeting and secretion (Portaliou et al. 2017) . For in vitro reconstitution and structural studies, it is pertinent to improve the number of injectisomes and the level of secretion as some of the participating components only exist in a few copies per cell. Using media optimization and transcriptional activators we present conditions in which the number of injectisomes overall increases from 1-3/cell to ∼10/cell, while cell filamentation increases from 20% to ∼75%. This improvement allows us now to produce components that were previously beyond our detection limits and opens up the possibility of in vitro reconstitution of larger assemblies of the T3S injectisome.
MATERIALS AND METHODS
For the complete list of strains, plasmids, mutants, primers, buffers, antibodies, see the Supplementary section.
Cell growth, induction of gene expression, in vivo secretion
EPEC strains were grown overnight in LB and back-diluted, 1:100, in DMEM. Plasmid gene expression was induced at OD 600 = 0.3 with AHT (2.5 ng/ml; 3 h). Cells were harvested (5000× g; 20 min; 4
• C). The spent medium was TCA-precipitated (20% w/v) and re-suspended in 1.5M Tris-HCl, pH: 8.8 in volumes adjusted to OD 600 . An equal number of cells or spent media derived from equal amounts of cells were analysed by 15% SDS-PAGE, and immuno-or coomassie blue-stained. Signals were quantified using Image J software (Schneider, Rasband and Eliceiri 2012) .
Immunofluorescence microscopy
To detect EspA filaments, EPEC cells grown overnight in LB were diluted in DMEM (1:100) (i.e. grown at 37 • C; 5% CO 2 ;
non-shaking conditions; OD 600 = 0.5). Bacterial cells were fixed (3% formaldehyde solution; 30 min; room temperature), washed (1 x PBS), permeabilized (1% Triton X-100), blocked (1% BSA) and incubated with α-EspA (1:500; 30 min; RT) directly inside the wells. Following PBS washes, bacterial cells were stained with TO-PRO R -3 (Thermo Fisher Scientific, MA, USA) and Cy3-labelled α-rabbit secondary antibodies (Jackson ImmunoResearch Europe, Newmarket, UK) for 30 min in the dark. Samples were further washed with PBS, mounted on the plates, dried in the dark overnight and observed using a Zeiss Axiolab microscope equipped with a camera.
Miscellaneous
Purification of His-EscJ N21-190, using Ni 2+ -affinity chromatography was as per the manufacturer's instructions (Qiagen, Hilden, Germany). The purified His-EscJ N21-190 was for the generation of anti-serum. SDS-PAGE, protein transfer to nitrocellulose and western blot analysis was as described (Biorad instruction manual).
RESULTS AND DISCUSSION

Medium optimization for type 3 secretion
To increase the number of T3S injectisomes per cell we sought to identify defined media in which production of T3S components and/or secretion would be optimal. We first compared the widely used DMEM medium (Fig. 1A , lanes 1-3) against the simpler M9 minimal medium that was supplemented with glycerol as a carbon source and ammonium chloride as a nitrogen source (lanes 4-6). M9 media would be preferred, as it is less complex and easier to manipulate with respect to carbon, nitrogen and Ca 2+ content (see below).
T3 secretion was monitored by analysing polypeptides from TCA-precipitated spent growth media by SDS-PAGE followed by coomassie blue staining (S, top panel). T3S injectisomes were monitored by immunostaining of total cells with an antibody against a major component of the inner membrane ring, EscJ (Yip et al. 2005 ) (TC; bottom panel). Cells grown in the DMEM medium (lanes 1-3) exhibited higher levels of EscJ (bottom panel) together with higher EspB/D and EspA secretion (top panel) compared with those grown in M9-glycerol (0.4% w/v; lanes 4-6). When the carbon source of the M9-glycerol medium was substituted by glucose (0.4% w/v), the amount of EscJ in the cells became similar to that observed for DMEM ( To further optimize T3 secretion from EPEC cells we added casamino acids in the M9 medium as an alternative nitrogen/carbon source. FeSO 4 has been previously suggested to be important in controlling the expression of virulence determinants in bacteria such as T3SS and T6SS (Chakraborty et al. 2011; Gode-Potratz, Chodur and McCarter 2010; Kenny et al. 1997) . Similarly, NaHCO 3 has been shown to enhance the production of T3SS substrates and promoted ler transcription (Abe et al. 2002) . Finally, we explored whether better control of the pH in the culture medium would be beneficial. For this, we used 15 mM HEPES, pH 7.4, a buffering agent which is widely used in cell culture media. Of the various conditions tested (not shown) one M9 composition gave results as good as DMEM (Fig. 1C , lanes 4-6) in terms of both EspA secretion (top panel) and amount of EscJ (bottom panel). This medium contained 3.4 mM Na 2 HPO 4 , 2.2 mM KH 2 PO 4 , 0.9 mM NaCl, 0.9 mM NH 4 Cl, 4% w/v glucose, 2% w/v casamino acids, 5 mM MgSO 4 , and 10 mM NaHCO 3 . We used it hereafter and refer to it as optimized M9. The secretion amount of the translocators EspB/D increased two-fold compared to secretion in regular M9 (3.4 mM Na 2 HPO 4 , 2.2 mM KH 2 PO 4 , 0.9 mM NaCl, 0.9 mM NH 4 Cl, 4% w/v glucose, 5 mM MgSO 4 ) (Fig.S1A, top panel; Fig.S1B ). However, there is almost no difference in the amount of EscJ under the various conditions tested ( Fig. S1A, bottom; Fig. S1B ).
Another known important regulator of EPEC T3 secretion is the concentration of Ca 2+ ions (Deng et al. 2005; Gaytán et al. 2017; Shaulov et al. 2017) . EPEC cells that are inside the human gut experience high Ca 2+ concentrations (mM range); once in contact with the cytoplasm of the gut epithelial cells they experience low Ca 2+ concentration (∼120 nM) (Deng et al. 2005; Shaulov et al. 2017) . High Ca 2+ concentration promotes the secretion of middle substrates such as translocators, while low Ca 2+ concentration in most studies switches T3 secretion to late effector substrates and suppresses that of middle substrates (Deng et al. 2005; Gaytán et al. 2017; Shaulov et al. 2017) . In other cases, Ca 2+ was seen to only switch secretion to effectors without affecting that of translocators (Gaytán et al. 2017) . To test if we can reproduce this response in our growth conditions, EPEC cells were grown in optimized M9 media in the presence (Fig. 1D, lane 1) or absence (lane 2) of 0.5 mM Ca 2+ . Higher Ca 2+ concentration regimes that were tested showed no difference (Fig. S1C) . The transfer to low Ca 2+ conditions suppressed the production of EspA by 2-3-fold and that of EspB/D by more than 5-fold (Fig. 1D , top panel). At the same time, significant amounts of the late effectors NleA and Tir were observed. These effects were clearly limited to the secretion ability of the system and did not result from any differences in the levels of injectisomes produced as judged by monitoring the levels of the EscJ component (Fig. 1D,  bottom ). This agrees with other findings that Ca 2+ appears to be only a secretory substrate regulator (Deng et al. 2005; Gaytán et al. 2017) . Clearly, the growth conditions of EPEC cells not only play an important role in the amount of injectisome components produced, they also affect the amount and type of proteins secreted. The defined medium growth conditions developed here allowed us to monitor production of T3S components at high levels and with consistent production regimes.
Transcriptional optimization of type 3 secretion
To further improve the T3S injectisome production and/or secretion we used two known transcriptional regulators: the histone-like factor ler (Elliott et al. 2000) and the per regulator of unknown function (Gomez-Duarte and Kaper 1995). The ler gene was cloned, using PCR amplification from the chromosome of EPEC cells, into the pBAD501 vector under the control of the araBAD promoter. The derivative plasmid was transformed into Representative experiments are shown; n = 3.
EPEC cells and the amounts of EscJ in total cells, monitored as before, were compared to those of wild type EPEC cells (Fig. 2A) . The production of the injectisomes peaked at 0.1-1 μM of arabinose and decreased thereafter (bottom panel, lanes 7 and 8). In contrast, secretion of EspA showed significant reduction as soon as ler transcription was induced and EscJ increased to higher levels than those of the wild type chromosomally encoded copies (lanes 3-8, upper panel) . Clearly, either ler-mediated transcription of the LEE locus regulon exerts different effects on different genes and EspA synthesis levels drop, or other T3S components become differently regulated. The latter may affect the secretion process but not the build-up of the injectisome. It was previously observed that overexpression of ler increased Tir expression levels without significantly affecting the expression levels of escJ (Berdichevsky et al. 2005b) . However, our results showed that ler overexpression could enhance the levels of The statistical significance analysis was carried out using Prism 6 by multiple t test of data. Statistical significance was determined using the Holm-Sidak method, with alpha = 5.000%. Each row was analysed individually, without assuming a consistent SD. Statistical significance was expressed as * P < 0.05, * * P < 0.01 and * * * P < 0.001.
EscJ in a concentration-dependent manner. Therefore, the effects of ler overexpression on the expression of EPEC T3S components and on the secretion of T3S substrates should be further investigated to completely understand the regulatory mechanism of Ler. Next, we analysed whether the per regulator could be exploited to optimize the injectisome levels; per is encoded on the naturally occurring plasmid pMAR2 of EPEC (Gomez-Duarte and Kaper 1995) . A 3.5 kb EcoRI DNA segment that contains the perA-D genes was previously isolated, cloned in pACYC184 vector and transcribed under the control of the cat promoter (plasmid pCVD450; referred to hereafter as pPer1; Fig. 2B, top ). An identical (pPer2) and a shorter (pPer3) DNA fragment, resulting from EcoRI/KpnI restriction digest (Fig. 2B , middle and bottom), were sub-cloned into vector pASKIBA7 (pBR322 origin) and placed under the control of a tet promoter (plasmids pLMB1773 and pLMB1772, respectively). The 3.5 kb EcoRI DNA segment contains not only the per operon but also some other genes of plasmid pMAR2. To eliminate the effect from these non-per operon genes we made a shorter version (pPer2), which only contains the per operon.
Transforming EPEC cells with any of the pPer plasmids had a significant effect in boosting both T3 secretion (e.g. EspB/D, Fig. 2C, lanes 1 , 4, 5, 7 and 8, upper panel) and the levels of injectisome (monitored by α-EscJ; lower panel). When the pPer1 plasmid was present, the secretion amount of EspB/D increased by two-fold (Fig. S2A) , and the amounts of EscJ increased by more than two-fold (Fig. S2B ). This effect was particularly prominent under non-shaking growth conditions (Fig. 2C ) and may therefore be attributed to a boosting contribution of the per regulators under microaerophilic conditions experienced by the bacteria in the gut (Bustamante et al. 2011a) . PerC regulates the expression of LEE operons through positive regulation of ler expression (Bustamante et al. 2011b) . Deletion of perC led to more than 5.5-fold reduction of ler transcription, but this only occurred when bacteria were grown in static cultures (Bustamante et al. 2011b) . The reason that the effect exerted by Per plasmids under non-shaking growth conditions was more dominant in our study could be the higher expression level of ler activated by PerC. Growth of the same strains under vigorous shaking (200 revolutions per min) did not further improve the levels seen in the presence of the pPer 1-3 plasmids. However, vigorous shaking enhanced the synthesis of EscJ and the secretion of EspB/D by wild type EPEC cells to the levels seen in cells carrying a pPer plasmid (compare lanes 2 of Fig. 2C to those of panels D-F). The pPer1 construct performed slightly better than the other two we generated, giving higher yields of protein secretion (Fig. 2D, lanes 7 and 8) , and was used hereafter.
Microscopic examination of optimized injectisome production
Transmission electron microscopy and immuno-gold staining have shown that the EPEC T3S injectisome is directly associated with its EspA sheath-like structure (Sekiya et al. 2001) , suggesting that one EspA sheath-like structure represents one T3S injectisome on the bacterial cell. Based on this knowledge, we visualized the production of injectisomes using immunofluorescence microscopy to monitor formation of the EspA filament on bacterial cells in the absence of infection of a eukaryotic host. Using this assay, we compared production of injectisomes in wild type EPEC, EPEC transformed with the pPer1 plasmid, and EPEC espA cells (Fig. 1A-C) . Approximately 1000 cells were examined from each strain and cells that had or did not have any EspA filaments were quantified (Fig. 3D, lane 1) . 20% of wild type EPEC cells (Fig. 3A) , 75% of EPEC-carrying pPer plasmids (pPer1 only shown; Fig. 3B ) and none of EPEC espA (Fig. 3C) , had EspA filaments. Moreover, among filament-harbouring cells (EPEC and EPEC+pPer1), the ones that carried the pPer1 plasmid tended to form more EspA filaments per cell (∼6) than the ones that did not (∼3; Fig. 3D ).
Our data suggested that not all wild-type EPEC cells form T3S injectisomes when grown in DMEM in the absence of HeLa cells; ∼80% of them do not form any T3S injectisomes at all. It is not clear whether this apparent stochasticity would be manifested in EPEC cells inhabiting the gut or whether it is only observed under the lab growth regime. However, the production of EPEC T3S injectisomes increased by about 3-fold when transformed with the pPer1 plasmid. This approach could provide a more accurate framework to search for the optimal condition of EPEC T3S injectisomes production in vitro.
In summary, we demonstrated that the optimized M9 medium worked as well as DMEM for EPEC T3SS. In the presence of the transcriptional regulator Per the amounts of EPEC injectisomes were enhanced by 3-fold. This would clearly be beneficial in studies attempting to dissect the T3S function and structurally determine the EPEC injectisome. Pointing in this direction and in agreement with the microscopy observations, EscV could be detected in these cells, while the EscV amount is under the detection limit in wild type EPEC (Fig. S2C) .
